HILE levitation
melting has been used quite extensively in metallurgical research Ill, 12], [31, it has recently assumed greatly increased importance as a possible vehicle for space experimentation [4] , [5] , [6] . Electromagnetic levitation (EML) is attractive for the containerless processing of conducting melts in a microgravity environment because, through the use of a multiple coil arrangement, it is possible to provide for the independent control of the positioning forces and the power employed for heating the sample [7] . A schematic sketch of such an arrangement is given in Fig. 1 In the rational design of in-flight experiments it is critical that the lilting (positioning) and shaping forces, as well as the power absorbed by the sample, be known quite accurately.
The main parameters of the EML device are geometry of coil and sample, applied current, applied frequency, and conductivity of the sample.
In representing this system we encounter problems at the following levels: 1) calculation of the lifting force and the power absorption by a symmetrically placed spherical sample: 2) calculation of the lifting force and the power absorption by a deformed sample, the shape of which is predetermined;
3) calculation of the lifting force and the power absorption for a sample, the shape of which is defined as a result of the calculations; 4) the repeat of the previous case. but with an allowance for fluid flow; and 5) repeat of the previous case but with an allowance for transient behavior.
Case I) may be tackled analytically;
indeed the available analytical solutions will serve as an excellent benchmark against which the computed results may be tested. The subsequent cases all need a numerical approach; furthermore, cases 3)-5) will require a highly efl-icient computational scheme because of the iterative procedures that are involved. While the ultimate objective of the research is to tackle cases 1) through 5), in the present paper we shall confine our attention to cases 1)-3),
In a recent paper, G. Lohofer [8] presented an analytical solution for the total power absorption Ps by a spherical sample placed in a field exhibiting rotational symmetry.
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where the mutual inductance between coil i andj or i and kf can be obtained by the elliptic integral in the 4_-direction: 
we have the following relationships
where, qb is the flux in the source terms, which is determined by applied current and the geometric relationships
kf= I By eliminating (lf)J from (13) and (14):
which may be expressed as the following system of linear equations The magnetic field and induced current field having been so calculated, the time-averaged levitation force (Fi) and the power absorption of the sample (P,) and are given by the following expressions:
To perform the calculations a grid structure has to be defined.
As noted in the introduction we seek to establish a flexible gridding system appropriate for an axisymmet- Fig. 3 , The spherical shape is the special case of
The transformation from CD2 to CDI can be done by writing:
Or 07 Or 00 0r 07 1) The magnetic field strength is calculated for an initial shape according to the previously described scheme.
2) By assuming an infinitesimal displacement ,'x_ in the normal direction of magnitude proportional to the local residual force, the force balance at the surface is given by ],,=-pgz + _ + 3"(K-Ko) + X a,_ o_ A._.
where p is density of the sample, g is gravity, z is the vertical distance from the top, 3' is the surface tension between the liquid metal and the gas, and X is a Lagrange multiplier which is determined by 
4) The electromagnetic forces h)r the new shape are calculated.
5)
The criterion on residual forces on surface points ].f,,I < _ is checked. If it is not satisfied, return to step 2) and calculate again.
Rzsut.rs AND DISCUSSION
The main features of the improved calculation scheme are the following: 1) Arbitrary axi-symmetric coil config-urations may be accommodated.
2) Multifrequency and multiphase coil currents may be represented.
3) The whole range of skin depths may be tackled. 4) An arbitrary axisymmetric shape of a levitated body can be treated.
5)
The computational scheme can be used to predict the shape of the levitated specimen, even for significant deformation.
For the computational methodology of the induced current density distribution, the linear system, as stated in (18), is a symmetric and strictly diagonally dominant matrix because the order of resistances of the circuits is much higher than that of the inductances. It was, therefore, with the grid size as a parameter for a spherical beryllium sample with the same coil geometry as that described in previous paper [4] . The resultsgiven by the analytical solution are also shown for the sake of comparison. The sensitivity of the computed results to the number of grid points used is clearly seen; on using a 20 x 20 grid scheme the accuracy of the numerical predictions is still quite satisfactory.
A 20 x 20 grid for a very slightly deformed sample is shown in Fig. 5(b) . The actual error is shown explicitly in Fig. 6(a) the actual location of these grid points, which means that using fewer grid points and a proper distribution is preferable to using a larger number of grid points and a uniform distribution. One may state generally, however, that by placing about 3-4 grid points within the skin depth one may reduce the error to below 5%. Our experience has shown that the error may be minimized if the location of the grid points follows that same exponential function as does the decay of the induced current and the magnetic flux density as we proceed from the outer surface toward the center of the sample. 20 x 20 grids for highly deformed samples with uniformly distributed and exponentially distributed grid points are shown in Fig. 6(b) and (c), respectively. Fig. 8 [23] The figure shows that by using an exponential grid spacing an excellent agreement may be produced between the numerical calculations and the analytical results.
In designing the electromagnetic levitation device two complementary objectives are sought: 1) to actually lift, i.e., "levitate the sample" in a stable position and 2) to heat the sample.
In the less critical earthbound applications both these objectives may be met by a single-frequency operation, using just oneset of coils. In a microgravity environment,
where overall efficiency is a trl,ajor consideration, it has been found that a two-coil arrangement, sketched in Fig.   1 , could provide an improved overall efficiency. As illustrated, in coil i), the rotational direction of the upper coil is directly opposite that in the lower coil, thus creating currents with a phase difference of 180°. Conversely, the coil system in it) consists of two coils with the same turning direction. The net result of this arrangement is that system i) creates a magnetic quadrupole field, whereas system it) creates a magnetic dipole field. Fig. 9 , representing magnetic field calculations carried out with the same geometry described in a previous paper
[241 with a current of 300 A and a frequency of 450 kHz, shows that the magnetic flux density induced by the dipole field is much larger than that induced by the quadrupole field because of the absence of a current cancellation effect. However, this effect causes the quadrupole field to be stable. This is the reason why a quadrupole arrange- ment is ideal to provide stable lifting, while a dipole arrangement is desirable for heating. The gradual change in the convexity of the curves indicates that it would be possible to determine the optimal coil design that will create a uniform temperature field regardless of sample position.
The computational scheme allows us to examine the interaction of the "heating" and the "positioning" coils. uniform heating capability can be obtained which is independent of the sample position along the axis of symmetry, As described above, the positioning coil generates a large stable force field, while the heating coil creates an unstable force. Fig. 13 shows that the superposition of the two coil systems produces a stable ff_rce field, which ira- frequency of 450 kHz. As can be seen from the curve, the power absorption increases in a parabolic fashion with the sample radius. Because the surface area of the sample is also proportional to the square of the sample radius, the relationship between power absorption and surface area was examined, as illustrated in Fig. 15 , with respect to the standard sample of a one gram iron drop. It shows that the power absorption is approximately proportional to the surface area. This approximation will be especially useful for the case of small skin depths. Fig. 16 illustrates the electromagnetic calculations for a deformed niobium sample of predefined shape at 2500°C in a quadrupole field. In this case, the skin depth is quite large because of high temperature. The field calculations are performed quite readily, in spite of the substantial departure from the spherical shape. The computational time (about 8 min) was comparable to that needed for calculations with an undeformed spherical sample. This is a major attractiveness of the technique.
Finally, Fig. 17 shows the calculated equilibrium shape of a silver droplet which is noticeably deformed as a result of using a single coil in a microgravity setting. The iterative scheme used for these calculations was outlined earlier in this manuscript. In the present case a total of -100 iterations was needed. We used a 15 × 15 grid during the iterations for shape calculation and an additional calculation was carried out by a 20 × 20 grid in order to obtain the final results. Hence the total computational time was about 20 min on a micro-VAX 3100 workstation.
This example readily illustrates the usefulness of this technique. It is of interest to note that while the deformed droplet had an increase in the surface area of -4.5%, the actual heating rate was reduced by some 31.4% because the distance between the coil and the sample surface was substantially increased as a result of the deformation. This calculation is quite important in the design of levitation melting experiments because it clearly .shows that deformation of the sample will markedly alter the thermal energy input. The computed results were tested against an analytical solution for spherical specimens and the agreement was excellent, even for a relatively coarse grid structure.
The calculations were then extended to represent the behavior of nonspherical samples and to calculate the shape of a metal droplet in the presence of a strong magnetic field by means of a force balance and the iterative use of the previously described computational scheme.
This task could be readily performed in a fairly efficient manner.
As a practical matter the computational scheme is being used for the rational design of levitation melting experiments in microgravity processing, but the same procedure may also be utilized for tackling a broader class of electromagnetic shaping and meniscus control problems, provided rotational symmetry is being observed.
